SUMMARY
Dams are considered to be a serious threat to migratory fish on a global scale. Most of the world's rivers have been dammed, including those containing hotspots of fish diversity [1] [2] [3] . The mechanism by which dams affect fish is unclear and has often led to an underestimation of their cumulative and far-reaching adverse effects. Remedial measures of fish rescue for existing dams, including fish passage facilities and restocking, are insufficient or inefficient [1] . Although small and old dams are increasingly being removed, it is clearly unrealistic to demolish large, multi-section dams [4] . Hence, designing environmental flow to rescue fish is a complex challenge [5] and requires an in-depth understanding of the mechanism. Here, we propose an essential theory to reveal the relationship between dams and fish and discover novel insights into the migration behaviors, gonadal degeneration, and population dynamics of the Chinese sturgeon. We show that since 1981, the Gezhouba Dam has reduced the migration distance by 1,175 km, resulting in gonadal development being delayed by 37 days, resulting in the effective breeding population size and environmental capacity of the new spawning ground respectively reduced to 24.1% and 6.5% of the original. Even worse, subsequently built dams, particularly the Three Gorges Dam and Xiluodu Dam, have further reduced the effective breeding quantity to 0%-4.5% by elevating the water temperature to inhibit breeding activity during the breeding season. The cumulative effect of the cascade dams has led to an ongoing decline in adult abundances in the Yangtze River and the sea.
RESULTS
Anadromous fishes, of which there are 110 species in the world, live in the sea and migrate into fresh water to spawn; they are the most vulnerable to dams [6] [7] [8] . The Chinese sturgeon (Acipenser sinensis Gray) is the largest anadromous fish in the Yangtze River and was listed as critically endangered by the IUCN in 2010 and included in Appendix II of CITES in 2015 [9] . Males of 8-27 years old and females of 13-34 years old at gonadal stage III enter the Yangtze River. They had a stable spawning migration route before dam construction. Every summer (June-August), they swam one after another into the Yangtze mouth and continued going upriver while fasting all along the way. They bred in the upper spawning ground in the next autumn (SeptemberNovember) and afterwards returned to the sea quickly. Notably, two independent cohorts of adults, the ''new'' and ''old,'' co-existed in the Yangtze River in the second half of the year, with the old having been transformed from the new of the previous year and being found in the first half of the year [10, 11] ( Figure S1A ).
The cascade dams on the Yangtze River have provoked serious concern over the impact on the Chinese sturgeon [11, 12] . On January 4, 1981, the first water project on the main stem of the Yangtze River, Gezhouba Dam (GD), started its river closure (Figure S1B 
How Did the Chinese Sturgeons Migrate and Distribute in the Yangtze River?
Understanding the dynamics of spatiotemporal distributions of the fish is the basis for revealing the relationship between the dam and fish [18] . There are few dynamics models to simulate the spawning migration process of anadromous fishes such as the Chinese sturgeon by far. We made four hypotheses concerning the ''random walk'' and ''migratory certainty'' of the fish, the Fick's law of cross-section flux, the continuous and one-dimensional density distribution, and the conservation number of fish. Then, we derived a new non-linear advection-diffusion equation as a migration dynamics model (MDM) of anadromous fish to obtain the spatiotemporal distribution of fish in the river (see STAR Methods), which treats the fish as active organisms rather than passive bodies [19] .
For pre-GD, Figure 2A (solid line) shows that during the breeding season from September to November, the new cohort was mainly distributed in the Hubei reach, with a density peak reaching 2.4 individuals (ind)/km in September, while the peak of the old cohort increased in Sichuan and in October was about twice as high as that of new cohort. The two cohorts graphically are like two moving hills, distributed spatially in an end-to-end fashion without notable overlap. The peak of the new cohort was gradually lowered after September, whereas the peak of old cohort went up continuously thereafter. That explains historically why September was the best fishing season in Hubei but why in Sichuan, it was October with much larger capture.
For post-GD, Figure 2A (dotted line) shows that the GD blocked the upriver migration route and then caused an ''aggregating effect'' with increased density that was verified by hydro-acoustic survey [20, 21] . The Chinese sturgeons primarily distributed between Jiujiang and Gezhouba from September to October, while the old and new cohorts intertwined together with a great increase of density, making fishing easier. Figure 2B shows that the Gezhouba river closure took place while the 1980 cohort was just passing through the Gezhouba section. An interesting phenomenon occurred in the autumn of 1981, when the two separated groups both bred respectively below and above the GD. This was an isolated event and is captured by our MDM. Although the upper part of the 1980 cohort was able to breed, they are regarded as an invalid population because the post-spawning adults and newborns could not migrate back to the sea.
We simply assumed that female and male adults started to migrate back the next day after breeding and that two batches of breeding activity existed pre-GD and post-GD, of which the Here, we set a coordinate system by taking the Yangtze mouth as origin point and tracing upriver. River kilometers (km) are used as the unit of distance, days (d) as the unit of time, and individuals (ind) as fish quantity. The navigation channel mileage was used to calculate the coordinates of main cities along the river. Numbers in parentheses below city ports are river distances from the Yangtze mouth (km). Numbers in the inner dam image represent water storage capacity of the reservoir (m 3 ).
(B) Events and dates of the Yangtze dams. We divided the operation of the Yangtze dams into three periods: pre-GD, post-GD, and post-TGD. The pre-GD is referred to as the period without dams on the main stem of the Yangtze River before 1981, when the Chinese sturgeon had an original spawning ground stretching 800 km long with 19 spawning sites. The post-GD is from 1981 to 2003, during which the sturgeon was blocked downstream of GD and found a new spawning ground 30 km long with only one standing site. The post-TGD is from 2003 to present, displaying cumulative effects of the Yangtze dams mainly due to the TGD, XJB, and XLD.
(C) Gonadal cycle of the Chinese sturgeon in the Yangtze and the sea. After hatching in OctoberNovember, the larvae move downriver stepwise along the riverbank at gonadal stage 0. Gonads reach stage I at 9 months old, when they leave the river mouth during the following AugustSeptember. In the ocean, at 1.5-2.2 years (males) or 2.5-3.0 years (females), the gonads develop into stage II and then into stage III, at least 8 years for males or 13 years for females. Then, the adults start to enter the Yangtze River in June-August and go upstream to reach the spawning ground while completing gonadal development from stages III to IV. After that, they remain in the spawning ground for 3 months until the gonads grow from stages IV to IV2 and then become spawners. Their gonads develop fast from stages IV2 to VI with suitable hydrological stimuli, and then mating occurs. After breeding, the gonads drop from stages VI to II [10, 13] . We divided the Chinese sturgeon's spawning migration process into two phases: the gonadal development stage from stages III to IV2 and the mating stage after the gonads reach stage IV2 and the fish are ready to spawn pending suitable environmental conditions. (D) Gonadal development of female adults over time in the Yangtze River. Oocyte diameter in shown on the left [14, 15] , and ovarian weight on the right [10] . YARSG [10] reported a monthly average value of egg diameter and weight for various months. For convenience, the starting time is set as July 15, one month is set as 30 days, and one year is 360 days. We recount the details over time by selecting the 15th of each month as the median of time t and corresponding egg diameter. See also Table S1. first batch spawned on October 20 when 70% of spawners participated in breeding, and the remaining of 30% bred on November 1 (second batch). The first batch reached the mouth in 16-28 days pre-GD ( Figure 2C ) and 4-18 days post-GD (Figure 2D ). The second batch reached the mouth in 18-27 days pre-GD and 7-18 days post-GD. The comparison of pre-and post-GD reveals that the GD shortens the downriver migration time by approximately 10 days to reach the mouth.
How Much Did the Yangtze Dams Impact the Breeding of the Chinese Sturgeon? Figures 1C and 1D illustrate the gonadal development of the Chinese sturgeon, where after the fish enter the Yangtze estuary, the weight of the ovary and the egg diameters increase over time, while the fat content in the ovary gradually decreases. We introduced the concept of gonad maturity parameter (H) to quantify See also Video S1, Figures S1 and S4, and Table S2. the seven stages (0-VI) of ovaries or testes, with corresponding values of 0-6. H indicates the developmental degree or graded level of the gonad. We hereby put forth three hypotheses on gonadal development in the Yangtze River and have derived the gonadal developmental model of parameter H with a linear relationship with migration time and distance (see STAR Methods). We calculated the baseline (threshold) value of gonadal maturity H a = 4.2 (equivalent to stage IV2). We propose three novel concepts-gonadal mature period (GMP), spawning window period (SWP), and normal spawning period (NSP)-to evaluate the impacts of the dams on breeding. The fish rely on consuming their own fat stores as the only source of nutrition. Therefore, given the fat limit, a GMP exists during which the fish must complete mating, otherwise gonadal degeneration will occur. The beginning of GMP is the moment the gonad reaches maturity, commonly at stage IV2 (H a = 4.2). The end is when the fat is nearly depleted or little remains. The SWP is strictly determined by water temperature, with a range of 16.1 C-20.6 C, but the most suitable range is at 18 C-20 C [10, 16] . Figures S2C-S2F show that the SWP has been postponed and narrowed by the cascade dams elevating the water temperature and inhibiting the breeding activity. The NSP refers to the overlapping portion between the GMP and SWP, during which gonads are normally ripening and the fish can effectively reproduce. When the dams changed the GMP and SWP, it resulted in a discordance in the gonadal maturation and spawning conditions, significantly shortening the NSP (Figures S2A and S2B).
We have established an effective breeding model (EBM; see STAR Methods) based on the NSP matching the GMP and SWP and analyzed the effects of the dams on the effective breeding population size. The EBM reveals the mechanism of the dam's impacts on fish reproduction, that is, the shortening of NSP due to a delay and time staggering of GMP and SWP.
The effect of the GD with a little water storage on the water temperature is not obvious [22] . Therefore, we considered the reduction in 1,175 km of migration distance as the major factor and calculated that by reducing the migration distance and relevant stimulus of water flow. The GD delays fish gonad development, requiring an extra 37 days to reach maturity ( Figure 3A) , and remarkably decreases the proportion of mature adults ( Figure 3B ). This phenomenon was observed but overlooked before [23]. Figure S2 . Figure 3C shows that for pre-GD, the SWP controlled by water temperature was consistent with the GMP governed by fat consumption, so the NSP is 60 days. For post-GD, the NSP was shortened to 23 days from October 22 to November 15. For post-TGD, the upper limit of the SWP was further delayed to between November 2 and December 2, shortening the NSP to 0-13 days, with the exact date depending upon the operation of the cascade reservoirs. In the best scenario, the NSP is 13 days (from November 2 to 15). In the worst, the NSP is 0 days. Therefore, to maintain the natural breeding of the Chinese sturgeon, the water-temperature rise during the breeding season is a high priority issue. Figure 3D reveals that the annual effective breeding population size plummeted to 244 ind post-GD, and the effective breeding coefficient was 24.2%. Due to the water-temperature rise caused by the Yangtze dams with large capacity in post-TGD, particularly the TGD and the XLD, the annual effective breeding population size was further reduced to 0-45 ind, with the effective breeding coefficient 0%-4.5%. When the appropriate spawning water temperature is delayed beyond November 15, spawning activities hardly happen in the spawning ground. Our study explains why the spawning activities took place frequently after 1981 but have become only occasional since 2013 [24] .
Is the Chinese Sturgeon Approaching Extinction?
It is a challenge to assess population dynamics of rare and endangered fish. Population models for white sturgeon and green sturgeon in North America involve numerous statistical parameters, including survival rate or mortality rate, sex ratio, age structure, and recruitment [25, 26] . But the Chinese sturgeon lacks relevant data such as age-specific survival rate or mortality rate.
Based on the transformation trait and proportion of new and old cohorts, we have obtained a historical population model (HPM; see STAR Methods). We estimated that the average population size of pre-GD was 1,727 ind with an annual recruitment of 1,009 in the Yangtze River. Then we used the population size of pre-GD as the initial value of a capacity-gonad-confined population model (CGPM).
Following the ban on commercial fishing in 1983, the fishing data was reduced in volume and lacked unbiased estimates, so the HPM was no longer useful. The age structures of male and female adults respectively obeyed a lognormal distribution and had a characteristic sex ratio of 1:1 [27]. We assumed that the age-structure functions are not affected by the dams and established the relationship of fish abundance in the Yangtze River and the sea through the adult average reproduction frequency (iteroparity), which expresses the number of breeding bouts per individual during its entire life. Then we derived an equation set of adults and total fish abundances in the Yangtze River and sea. We proposed an environmental carrying capacity model by modifying a logistic model to depict the relationship between the quantity of surviving recruits and the number of spawners participating in breeding and a gonadal degeneration Figure S3 , Tables S1 and S3. model by introducing an effective breeding coefficient. By taking the minimum of both, therefore, we obtained a CGPM (see STAR Methods). The large-sized Chinese sturgeon requires a large space to spawn and mate. Thus, the size of the spawning ground limits the quantity of breeding adults. We estimated that the environmental carrying capacity of the new spawning ground is only 6.5% of the original ( Figure S3A ). The Yangtze dams have also constrained the breeding activity by elevating the water temperature. This is a more lethal effect than the capacity reduction of the spawning ground.
The CGPM reveals that the breeding activity of 1981-1982 obeyed the effective breeding constraint due to overfishing, and that of 1983-2000 switched to the environmental capacity constraint, and after 2001, it came back to the effective breeding constraint due to gonadal degeneration. Therefore, the reductions of effective breeding quantity and environmental carrying capacity caused by the Yangtze dams are the two crucial factors threatening Chinese sturgeon viability. Figure 4 shows that the cascade dams have led to an ongoing decline in adult abundances in the Yangtze River and the sea from 32,260 ind (1,727 in the Yangtze) before 1981 to 6,000 (190) in 2010 and to 2,569 (156) in 2015. We predict that the natural population will be extinct in 10-20 years. Figure S2J shows the water-temperature differences in October, November, and December as 1.7 C, 2.6 C, and 3.5 C, respectively, in the comparison with/without TGD. Those are significantly higher than those (0.3 C, 0.8 C, 1 C) in the case with/without GD. Figure S2K illustrates that the El 135 m operation of TGD has no remarkable effect on downstream water temperature, but it is obvious at El 156 m and El 175 m operations, resulting in an average rise of water temperature by 2.7 C in comparison to that of post-GD. The water-temperature rise caused by global warming is far less than that caused by the Yangtze dams ( Figure S2L ).
DISCUSSION

Significance of Results
The GD in 1981 shortened the migratory distance and caused a delay in gonadal development, while the new spawning ground had a small capacity. Even worse, the subsequent TGD and XLD further pushed water temperatures higher during the breeding season, which has been a limiting factor for reproduction. Such environmental upheavals changed the spawning window and affected gonadal development beyond the species' physiological and energetic tolerance limits, further diminishing the effective breeding population.
The water-temperature rise in autumn was overlooked in the environmental impact assessment of TGD and does not attract enough attention today. The protection of the wild Chinese sturgeon requires effective measures taken immediately. Artificial restocking, which China has been doing without maintaining breeding activity, is inadequate and unsustainable. Thus, lowering the water temperature to a suitable range of 18 C-20 C as early as possible during the breeding season is undoubtedly the top priority. Here, we suggest a joint ecological operation of cascade reservoirs on the Yangtze River, including the TGD and XLD, as a viable remedial measure to control water temperature to maintain the viability of the natural population. Our results show that through a joint ecological operation, if the water temperature reaches 20 C before October 22 each year, the effective breeding population size of Chinese sturgeon could be maintained at the post-GD level.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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Further information and requests for data/protocols should be directed to and will be fulfilled by the Lead Contact, Zhenli Huang (zhlhuang@263.net).
METHOD DETAILS Migration Dynamics Model (MDM)
Derivation Process of MDM As a result of long-term evolution, the Chinese sturgeon enters the Yangtze River only for spawning, without eating food during the whole process, and has an inherent migratory habit. To establish a new model, here we generated four hypotheses: (i) whether moving upriver to spawn or downriver to the sea, the fish shows a random walk at the individual level, but with migratory certainty at the population (cohort) level during its movement in the Yangtze River. ''Random walk'' refers to the uncertainty of fish movement at the individual level, as fish may swim back and forth. ''Migratory certainty'' refers to the directional determinacy of fish movement at the population (cohort) level. This behavior has evolved as an instinct driving the fish to go upriver to spawn and run downriver quickly after breeding.
(ii) The cross-section flux means the number of fish passing through a section of river per unit time per unit area and is proportional to the fish density gradient along the river; this is also known as Fick's law [36] . (iii) The function of density distribution is continuous and one-dimensional, which is supported by field findings that the Chinese sturgeon prefers to move along the river thalweg [24] and practices a common phenomenon termed ''line swimming'' in large river systems [37, 38]. (iv) In the absence of mortality, the number of fish is conserved at a volume element during migration in the river. REAGENT As shown in Figure 1A , we set a coordinate system, taking the Yangtze mouth as origin point and tracing upriver. The river kilometer (km) is used as the measurement unit of distance, days (d) as that of time, and individuals (ind) as that of fish quantity. The navigation channel mileage is used to calculate the coordinates of the main cities along the river. For a given cohort, the number of individuals passing through a unit area in a unit time, B, is proportional to the gradient of population density, C, along the river. The corresponding migratory flux is UC where U is the migration speed. Therefore, B is derived as follows [36] :
where B is the section flux (ind/d); U is the migration speed (km/d); D is the diffusion coefficient (km 2 /d); C(x,t) is the density distribution along the river (ind/km); and x is the migratory distance along the river (km). Figure S1C shows that, according to the conservation law, the conservation of number at a volume element is expressed as follows:
The change rate of number in a volume element = X the number fluxes into the volume element À X the number fluxes out of the volume element:
The above description is expressed as
By inserting Eq. 1 into Eq. 2, we can obtain:
Eq. 3 is the mathematical model for the migratory distribution of the Chinese sturgeon in the Yangtze River. We named this Migration Dynamics Model (MDM), which can simulate the adult upriver spawning migration and downriver run as well as the juvenile downriver migration. According to the random walk theory, the density function of a population also represents the occurrence possibility [36] . The model is a nonlinear partial differential equation because U and D are generally functions of space (x) or time (t). The diffusive item, ðv=vxÞðDðvC=vxÞÞ, represents the random walk. The convection item, ðvðUCÞ=vxÞ, represents the migratory certainty of fish. There are different categories and definitions for fish swimming speed. In this model, the Chinese sturgeon migration speeds, U, for both upriver and downriver are referred to as the cruising speed at the population level, which changes with the fish growth and in consideration of the water flow.
Eq. 3 usually needs to be solved by a numerical method. It has analytical solutions only under simple and ideal conditions. The analytical solution has a special significance, which can visually reflect the relationship between parameters and quantity, so as to estimate the model parameters.
Here we temporarily set both D and U as constants, and the analytical solution of Eq. 3 with an instantaneous input (the fish enters the river instantaneously) is as follows [36] : 
where N is the quantity of the sturgeon cohort entering the river (ind). Assuming that at the maximum upriver distance L, the flux is zero in a mathematical sense, i.e., ðvC=vxÞ j x = L = 0. Therefore, we use a method of mirror symmetry to deal with the upper boundary and obtained: 
As shown in Figure S1A , there are two adult cohorts independently in the Yangtze River. Their time difference for entering the river is exactly one year (365 days). The analytical solutions for the migratory distributions of the old and new cohorts are as follow:
Cðx; tÞ = C 1 ðx; tÞ; when t % 365 d
Cðx; tÞ = C 1 ðx; tÞ + C 2 ðx; tÞ; when t > 365 d 
where C(x,t) is the density of fish in the river (ind/km); C 1 (x,t) is the density of the old cohort; C 2 (x,t) is the density of the new cohort; and N 1 and N 2 are respectively the quantities of old and new cohorts entering the river (ind).
Estimation of Model Parameters (D and U)
When U = 0, Eq. 3 only includes the diffusive item. The density is as follows:
If an individual fish swims randomly, Eq. 7 can also be derived from random walk analysis. That means that C(x,t) represents the occurrence possibility of fish arriving in location x at time t. Therefore, D can be expressed as [36] :
where V is the random swimming speed; and dx is the swimming distance of each step. In our model, D indicates the random swimming characteristics and depends on an individual's age, swimming capability, and physical characteristics such as body length and weight. It is also affected by river environmental conditions, such as water flow velocity. Eq. 8 shows that the diffusion coefficient is positively correlated to the random swimming speed of fish, but at present, it cannot be used directly to calculate D, because the random swimming speed and distance of every move are unknown and need to be determined by future experiments. The following two methods are used to estimate roughly the diffusion coefficient through analytical solutions.
Method I: when x = L, Eq. 5 becomes: 
The adults enter the Yangtze estuary from 15 June to 15 August of each year, with a median of 15 July. Assuming that the spawning time is mid-October, the average time when an adult reaches the spawning ground is 15 months. Thus, T = 450 d for the fish to get to the spawning ground. At time T when it reaches the uppermost section, i.e., UT = L, the density of population at time T, C(L, T) is:
If the adults are distributed in the spawning ground with length DL = 800 km between Maoshui and Wanzhou when t = T, the average population density, C, is:
Supposing CðL; tÞ = C, Eq. 10 and Eq. 11 give:
Eq. 12 indicates that D is not relevant to N. Taking DL = 800 km into Eq. 12, it gives:
Method II: Assume that the distance from the Yangtze mouth to the Wanzhou section is L s , and the length of the upper spawning ground, DL = L À L s = 800 km. The density is expressed by Eq. 5 as follows: 
If the time for adults to arrive at Maoshui is T = 450 d, then L = UT. Thus, Eq. 14 becomes:
CðL;
where C(L s ,T) and C(L,T) respectively represent the population density in Maoshui and Wanzhou at time T. If the proportion of the population distributed in the upper spawning ground (Maoshui-Wanzhou) is z, then:
Inserting Eq. 15 into Eq. 16, we derive:
where T = 450 d and DL = 800 km. Figure S1E shows the D-z curve of the diffusion coefficient represented by Eq. 17. The results indicate that when z = 1, D = 125 km 2 / d, and when z = 0.73, D = 453 km 2 /d. Methods I and II are taken into consideration. Also, the spawners usually spawn twice a year. The first spawning involves approximately 70% of the spawners and the second takes the remaining 30%. Therefore, in this study, we set the diffusion coefficient of adults as D = 453 km 2 /d.
Wang et al. reported that they tracked a sturgeon in 2008 from its entering the Yangtze River to the spawning ground and obtained its upriver migration rates at different river sections [39] . Over the whole spawning migration process, its migratory swimming speed was 0.54 km/h (0.26-1.77 km/h), nearly equal to 13 km/d (6.24-42.48 km/d). Wang's tracking data is limited to the average value of different reaches, but that is the most elaborate observation data to date and reflects the change tendency of the migration speed, first faster after coming into the Yangtze and then slower as it goes upstream farther, and it stayed in Hubei for more than three months. Based on the above depicted tendency and long-term observations from fishermen, we tentatively derived the upriver swimming speed of adults as follows ( Figure S1F ):
where x is the dimensionless river distance, x = x=L; x is the upriver river distance from the river estuary (km); L is the maximum migration distance, for pre-GD, L = 2850 km (Maoshui section); the entrance speed, U 0 = 42.6 km/d; both a and b are constants, a = 2.5 and b = 2.7. Lin [40] conducted an ultrasonic-tag experiment on parent sturgeons (3 males and 1 female) for downriver migration. In general, they have a relative constant swimming speed when migrating back to the sea ( Figure S1H) . Therefore, the average downriver swimming speed of the four tagged sturgeons is:
Application of MDM The Gezhouba river closure on 4 January 1981 is an important event for the Chinese sturgeon. Before that time, the adults swam upriver to the 800-km-long reach between Maoshui and Wanzhou in the upper Yangtze. After that time, they were blocked downstream of the GD and there could be only a 30 km spawning ground since there are two cohorts, the old and the new, with a oneyear difference of entering the river. We used MATLAB software for discretization calculation of the MDM. Due to the existence of the convection item, the convection-diffusion equation often has bad numerical diffusions or oscillations. Many numerical methods are available, such as a finite difference method, finite volume method, and finite element method. These methods have their own advantages and disadvantages. The selection of a method depends on a specific situation. Our MDM is nonlinear and has variable coefficients. It requires a large calculation space, long calculated time, and high conservation of number. Nonlinear convection or diffusion could be dominant in different calculation spaces. After a comparison of methods and schemes, we selected the Crank-Nicolson scheme of finite difference method [41] for a discretization calculation, to obtain numerical results. The numerical method is an approximation to a theoretical equation. The Crank-Nicolson scheme used in this study has second-order accuracy with unconditional stability. Initial and Boundary Conditions (1) Assume that N 1 is the quantity of the old cohort, and N 2 is that of the new cohort. Ignoring fishing and other mortality, the quantities of the old and new cohorts are the same as the annual recruitment, i.e., N = N 1 = N 2 = 1,009 ind (see the section of Historical Population Model).
(2) Adults enter the Yangtze River from 15 June to 15 August in a normal distribution over time, and the peak is on 15 July. The process lasts: d 0 = 60 d (= 6s; s is standard deviation). Thus, the number of adults entering the river at time i is:
Assuming adults entering the river at time i, all are uniformly distributed in the reach between 0 and 10 km in the river mouth, the calculated space is extended backwards by 100 km. the formula is:
; when 0%i% 60 Dt and 100 Dx %j% 110 Dx : 
Steps Choices and Conservation Verification
The calculated time is over 500 days in this case, and the calculated space has been extended to 5,800 km from 2,850 km. If the steps in space and time are too small, it requires a large computer cache and an intolerably long time. Therefore, appropriate steps need to be selected. Therefore, we used two feasible methods to address this issue, the two-step method and the correction coefficient (ε) method.
For the two-step method, in the actual calculation, the entering time of sturgeons into the river lasts 60 days. When t % 100 d, steps are set as Dx = 0.5 km and Dt = 0.5 d. with the increase of t, the numerical oscillation and errors can be eliminated. Thus, when t >100 d, steps are set as Dx = 5 km and Dt = 5 d. So, the calculation time can be reduced to several minutes.
For the correction coefficient (ε) method, Figure S4A illustrates the effects of different steps on the conservation of number. Dx\Dt = 1 represents the step combination of Dx = 1 km and Dt = 1 d. Dx\Dt = 0.5-5 represents the two-step method of (Dx = 0.5 km, Dt = 0.5 d) and (Dx = 5, Dt = 5), and so on. As shown in the figure, the calculated result of Dx\Dt = 0.2-2 is close to the true number (1,009 ind) . The result of Dx\Dt = 1 is more deviated than that of Dx\Dt = 0.5-5. To reduce the calculation time, it is better that the steps to be used are as long or large as possible. Therefore, the calculated results with different steps should be compensated or corrected. Figure S4B illustrates the calculation result using the correction coefficient ε method; when Dx\Dt = 1, ε = 0.712. After the gradual input of sturgeons (εN) in the initial stage, the number of sturgeons tends to be the true value (N = 1,009 ind). Table S2 lists the values of ε in different step combinations. To simplify the calculation, we have used the correction coefficient (ε) method to achieve satisfactory results in this calculation, Dx = 1 km, Dt =1 d, and ε = 0.712. Upriver Spawning Migration Process in Pre-GD and Post-GD Figure 2A illustrates a comparison of the calculated results of the upriver spawning migration processes for pre-GD and post-GD. For pre-GD, the majority (density peak) stayed in Hubei for nearly four months, from September to December, precisely indicating that the Chinese sturgeon does not overwinter in the strict sense [10], but only moved slowly in Hubei. In other words, the pattern of ''long two step spawning migration'' does not exist for the Chinese sturgeon at the population level [8] . Our study shows that from the next January the majority of fish gradually passed through the Three Gorges reach and arrived in Wanzhou in February. In April, it arrived in Chongqing. All of our results above are generally consistent with the qualitative understanding of the upriver migration and are identical to the long-term records of fishing or bycatch on the Yangtze. For post-GD, Chinese sturgeons were primarily distributed between Jiujiang and Gezhouba from September to October, while the old and new cohorts intertwined together with a great increase of density, making fishing easier. The capture numbers of 1981 and 1982 in autumn were respectively 1,002 ind and 642 ind all at a record level, resulting in a fishing ban since 1983. Our study theoretically supports the above evidence, which indirectly demonstrates the rationality of our model.
Migratory Distribution of Adults in 1981
The GD blocked the upriver and downriver migration routes of sturgeons in 1981. Here, we simulate the upriver migration process in 1981 and then evaluate the GD's impact by our MDM.
The initial conditions are the same for pre-GD and post-GD, but the mirror image boundary changes a little in the calculation process. There is no change in calculation of the upper part of the 1980-cohort blocked upstream, but the mirror image distance of the lower part is changed to L =1,675 km from L =2,850 km. 
where C 1 (x,t) is the density of the lower part of the 1980-cohort; C 2 (x,t) is the density of the 1981-cohort (ind/km); and C 0 1 ðx; tÞ is the density of the upper part of the 1980-cohort. Figure 2B shows the calculated results of the spawning migration process in 1981. The GD separated the 1980-cohort into two parts. The lower part, N 1 , was blocked below the dam and the upper part, N 2 , continued to swim upstream. N 1 = 373 ind and N 2 = 636 ind can be calculated by an integration of the density distributions of 4-January-1981 in Figure 2B . Thus, defining the barrier coefficient of GD, a, as a proportion of the upstream part in the total old cohort, the barrier coefficient a =63% can be achieved. Downriver Migration Process of Post-spawning Adults Post-spawning adults rapidly migrated back to the sea after breeding. In regard to when they started to migrate downriver, males and females were different. Females went down immediately, whereas males would stay in the spawning ground for more mating till they exhausted all their sperm. Therefore, males were a few days late in returning to the sea. Here, we simply assume that female and male adults immediately start to migrate back to the sea the next day after breeding.
Spawning time and frequency: for pre-GD and post-GD, the first batch spawned on 20 October when 70% of spawners participated. The remaining of 30% spawned on 1 November (second batch). The next day after the spawning, the post-spawning adults rapidly migrated downwards to the sea. The swimming speed was a constant U = 108 km/d. Figures 2C and 2D show the downriver migration processes of post-spawning adults for pre-GD and post-GD respectively. Release Experiment of Sub-adults and Verification of MDM To assess the effectiveness of the release of cultured Chinese sturgeons, the Chinese Sturgeon Research Institute under the China Three Gorges Corporation, started to track tagged sturgeons using an ultrasonic telemetry since 2015, and built a tracking and monitoring system. Their results indicated that the second-generation sub-adults had normal capability of downriver migration and were able to migrate back to the sea. We analyzed the tracking records in 2015 and obtained the model parameters of sub-adult downriver migration to validate our model.
The sub-adults, totaling 3000 individuals, were released in Yichang on 12 April 2015. All of those sturgeons were born in the autumn of 2011 and were 3.5 years old with an average body length of 91.7 cm and average weight of 6.99 kg. Sixty sub-adults were tagged with sonar tags. Sonar tags (V13, produced by VEMCO Company) were implanted in their abdominal cavities by surgical operations. They had rested for more than one month after surgery to ensure the wounds completely recovered and there was no loss of tags. Ultrasonic underwater receivers (VR2W/VR2C, produced by VEMCO Company) were equipped in 17 fixed monitoring stations, from Yichang to Jiangyin along the Middle and Lower Yangtze River, to record times and tag codes when the sturgeons passed by. There was a total of 5263 monitoring records, each record having four items, i.e. time, transmitter number (in the sturgeon body), receiver number (in the river), and depth.
The downriver migration of the released sub-adults could be divided into three phases. First, they would spend a period of time adapting to the field environment and swimming randomly in the river. Second, they resumed quickly swimming downriver. Last, they arrived in the brackish water area near Jiangyin, where they slowed down to adapt to the saltwater environment. Based upon that, we have statistically analyzed the monitoring data of the second phase and selected five representative cross-sections, Jianli, Wuhan, Jiujiang, Tongling, and Nanjing. Each monitor worked at a fixed frequency. We have extracted the medians of multiple signal records as the times when sturgeons passed by a monitoring station. Figure S4C illustrates the statistical results. Each point in the figure represents a sturgeon that passed by a given monitoring location at a given time.
For example, the tagged sturgeons passed through the Jianli section from 15 to 21 April, except for two sturgeons (No.22215 and 22199) that went through later because they spent more time adapting to the new environment in the first phase. Records in other sections are similar. As shown in Figure S4C (dotted line), the arriving and leaving times of the tagged sturgeons at the monitoring stations exhibits a good linear relationship with the downriver migration distance. We statistically analyzed the proportions of sturgeons passing by a given station at different times. Specific steps were as follows:
The time when n sturgeons passed by a given section is T i (i = 1, 2, ., n). Since the monitoring of tagged sturgeons was discontinuous, we processed the data of each sturgeon into a continuous probability distribution function, with a normal distribution function over time. The center was the time of the density peak passing by, and s = 1(d) was used to process the data. Then the probability distribution function of the tagged sturgeons passing by at a given time (t), p(t), is: Figure S4D (solid line) shows the reprocessing experimental data by Eq. 23 for the five monitoring sections. For example, the Jianli section has a maximum value on 16 April. The probability density is approximately 0.3, which means that approximately 30% of the tagged sturgeons passed by the Jianli section on that day.
Two procedures were conducted to verify our MDM. First, we determine the parameters, U and D, based on the probability density peak and observed values in a monitoring station. Second, by using our MDM to simulate the migratory process of sub-adults, we validated the rationality and accuracy of our model by a comparison of the calculated results and observed values for the other four monitoring station.
In light of our theoretical model, the downriver migration is mainly affected by the convection and diffusion items. The time and location of the probability density peak reflects the effect of the convection item ( Figure S4E ). Therefore, we used the time and distance of the probability density peak to estimate the speed of the tagged sturgeons. As shown in Figure S4F , the time of the peak has a good linear relationship with distance, with the correlation coefficient, R 2 , reaching 0.999. Thus, the downriver swimming speed is a constant, U = 90 km/d, which is lower than that of adults (108 km/d). The 95% confidence interval is between 87.11 and 93.57 km/d. As previously mentioned, the released sub-adults need time to adapt to the new field environment when they are just released into the river. Based on the estimated downriver swimming speed, we inferred that the time of the tagged sturgeons passing by the Yichang section (1,675 km) was 3:40 pm on 13 April 2015. That is one day later than the actual release time, the morning of 12 April. Thus, we can assume that sub-adults take 0-2 days to adapt to the environment. Therefore, if the tagged sub-adults are released from Yichang and spend two days for adaptation, the two-day swimming distance is 180 km based on the estimated speed, U = 90 km/d. If the total probability is 1 and they are evenly distributed over a 180 km reach from Gezhouba to Shashi, the initial calculation condition is:
Cðx; 0Þ = 
In the calculation, the temporal step is Dt = 0.1 d, and the spatial step is Dx = 1 km. The probability density distribution curve of the Jianli section shown in Figure S4D is used to estimate the diffusion coefficient, D. The variance is calculated by a comparison between the calculated and observed values for the Jianli section. As shown in Figure S4F , when the diffusion coefficient is D = 1550 km 2 /d, the least variance exists between the calculated results and observed values. The downriver swimming speed is set as U = 90 km/d, and the diffusion coefficient D = 1550 km 2 /d. Based on the two parameters, the probability density distribution curves in the other four monitoring stations, Wuhan, Jiujiang, Tongling, and Nanjing, are calculated. Figure S4D illustrates the distributions of the five monitoring sections. The calculated results generally agree with the observed values. Their peak values and appearance times fit perfectly. The above results indicate that our MDM can be used to calculate and predict the downriver migration process of the sub-adults and further indicate the rationality and accuracy of our model.
Discussion of MDM
Erwin and Jacobson [19] used an analytical solution of a one-dimensional convection-diffusion equation to simulate the drifting distance of pallid sturgeon larvae in the Lower Missouri River from hatching to the beginning of self-feeding. The authors had two hypotheses. One was that the drifting was completely passive, and the drifting speed of larvae was the same as the water flow velocity. In fact, larvae had an active or rheotaxis character in drifting [42] , and their drifting speed was slightly slower than the average water flow velocity [43, 44] . The other hypothesis was to introduce a longitudinal dispersion coefficient, D L , to reveal the effects of water flow velocity gradients. D L was related to the uneven velocity distribution of water flow but not to larvae. The authors treated an active living organism as a passive non-living body. The larvae from birth to self-feeding have very weak swimming capabilities, and thus their drifting speed is nearly identical to the water flow velocity. But as larvae grow, they have stronger swimming capabilities.
The method of Erwin and Jacobson is no longer applicable to juvenile or adult fish [42-44].
Our MDM focuses on living organisms rather than water flow. The model's two key parameters, the swimming speed, U, and the diffusion coefficient, D, rely on fish rather than water flow, and is essentially different from previous research [19] . Therefore, our model is applicable to both adults and juveniles, though model parameters should be different and need to be further studied. The early drifting speed of newborn fish in river is influenced by the water flow velocity, but later depends on their own swimming capability, which increases with their age. The diffusion coefficient of newborns is also related to their ages.
In summary, the MDM has general significance to the study other migratory fishes in the world, such as pallid sturgeon in Missouri, and white sturgeon and green sturgeon in North America. The Chinese sturgeon is an ideal species of migratory fish for our MDM. The adults entering the Yangtze River are there only to breed. In the case of migratory fish that feed during migration, the situation is more complex. Using the MDM requires further clarification of the foraging effect on swimming velocities and diffusion coefficients. Therefore, we propose that the MDM model and other models, such as habitat models, can be combined to deal with multi-objective migration. Our MDM needs to be further improved, and even extended to multi-dimensional case and applied to other migratory fish.
Effective Breeding Model (EBM) Fish Gonadal Development in Upriver Migration
Fish gonadal development is usually divided into seven stages from 0 to VI. Different species of fish have slightly varied division criteria. The gonadal phases of the Chinese sturgeon include seven stages (0 to VI) [10, 45] . Some references further divided stages IV to V into three sub-stages, namely, IV1, IV2, and IV3, to more accurately describe grade of gonadal maturity, with stage IV2 depicting maturation. Some vaguely take stage IV as the maturity.
After the adults enter the Yangtze estuary at stage III from June to August (July 15 is the median), the fat content in the ovary gradually decreases, while the weight of the ovary and the egg diameters increase over time. On 15 July of the next year (360 days later), the gonadal development completes stage IV and reaches stage IV2 on 15 September (420 days later). We can approximate the ovarian phase of females by the egg diameter as shown in Figure 1D , which illustrates the relationships between egg diameter and ovary weight over time in pre-GD. The relationships can be expressed as follows: 
where d represents the egg diameter (mm); W represents the ovary weight (mg); and t is the time (d) of the adult entering the Yangtze mouth, starting from 15 July. Here, we divide the spawning migration process into two phases, the gonadal development stage and the mating stage. In the stage of gonadal development, the adults take one year to swim upriver from the river estuary to the spawning ground. The gonads develop slowly, relying on their own fat and stimuli of water flow, from stages III to IV, covering the gradual growing of the oocytes and Current Biology 28, 1-8.e1-e18, November 19, 2018 e7 cell nuclei moving to the animal poles. On arriving at the spawning ground, the adults spend three months developing the gonads from stages IV to IV2, representing the basic mature stage. During the mating stage, after gonads have reached stage IV2, the adults enter the Gonadal Mature Period (GMP) and are ready to spawn and mate. When spawning conditions appear, the gonads quickly complete their development from IV2 to V, and then the spawners complete mating. The second phase depends mainly on the hydrological conditions.
To explore the effects of the Yangtze dams on gonadal development of adults, we propose the concept of gonadal maturity parameter (H) to quantify the seven stages (0-VI) of ovaries or testes, with corresponding values of 0-6. When the gonad is at stage 0, the corresponding value H is 0. Stage VI indicates a post-spawning gonad with a corresponding value H of 6, and so on. H indicates the developmental degree or graded level of the gonad, quite different from the gonadosomatic index, GSI, which is the weight ratio of ovaries or testes and the fish body.
For pre-GD, the adults could go upstream freely through Yichang (Gezhouba) and entered a mountainous area where the river had many rapids and high flow velocity, often as high as 3 m/s or more. During upriver migration, the rapids were continuously stimulating the adults, triggering gonads to mature. However, post-GD, the adults lacked the long-distance stimulus of the rapids and stayed downstream of the dam for a prolonged period. Gonadal development was therefore delayed or degenerated. This phenomenon has been observed since the Gezhouba river closure in 1981, but the reason for the gonadal degeneration has been overlooked [23] .
We hereby make three hypotheses: (i) Whether or when the adults enter the mouth of the Yangtze River depends on the H value of their gonad development; when H < 3 they live in the ocean and when H = 3, they enter the Yangtze mouth from 15 June to 15 August of each year, in a normal distribution over time. The gonadal state of potential adults determines the timing of entering the Yangtze estuary.
(ii) The gonadal development of adults in the Yangtze River depends mainly on the migration time and water flow stimulus. The adults take 12 months to reach the upper spawning ground while they develop gonads from stage III to stage IV, H = 3-4. (iii) The adults stay at the upper spawning ground three months from 15 September to 15 November, and the corresponding value H = 4-H a , with gonads reaching stage IV2, which is the basic mature state to generate mature gametes. At this time, the egg diameters of females are larger than 4.3 mm, and milky semen can be released by the abdominal extrusion of males.
The gonads develop from stages III (H = 3) to IV (H = 4) within a year, by consuming gonadal fat and being stimulated by water flow. They take another three months to reach stage IV2 (H = H a , the baseline or threshold value of gonadal maturity). Therefore, the parameter H is mainly related to migration time and distance. Assuming H 1 (t) represents the gonadal development that is associated with fat consumption, which is proportional to the time, t, that the fish spends in upriver migration, H 2 (x) represents the water flow stimulus in the upriver migration process, which is proportional to the upriver swimming distance, x. During upriver migration, H, is a function of t and x, which can be calculated as follows:
where m 1 , m 2 , and m are constants. As mentioned above, an initial condition can be derived as follows: 
where H a is the baseline (threshold) value of the gonadal maturity. Substituting Eq. 27 into Eq. 26, we can derive the following formula.
Eq. 26 represents the gonadal development of the adults with migration time and distance, so we have m 1 > 0 and m 2 > 0. A formula can be derived from Eq. 28 as follows. 
Eq. 30 represents the changes of the gonadal maturity parameter H over time, t, and distance, x.
The relationship between migration time, t, and distance, x, can be calculated according to the upriver swimming speed (Eq. 18), as shown in Figure S1C . An equation set is as follows:
where x = x=L; L = 2,850 km; U 0 = 42.6 km/d; and a and b are constants, a = 2.5, b = 2.7.
For pre-GD, by Eq. 30, we have obtained that DH 1 = 0.8, DH 2 = 0.2 of increment DH (=DH 1 + DH 2 ) from stages III (H = 3) to IV (H = 4). This means that, during the upriver spawning migration process, 80% of gonadal maturity depends on the consumption of gonadal fat over time and the other 20% depends on water flow stimulus along the path.
The effect of the GD on H was obtained from Eqs. 30 and 31, as shown in Figure 3A . The adults arrive in Yichang (Gezhouba) in approximately 150 days (t = 150 d). Due to the barrier effect, they cannot swim upstream and thus are missing long-distance rapids stimulus. So they have to consume their fat for further gonadal maturation. Therefore, their gonadal development lasts longer. By Eq. 30, we calculated the gonadal maturity parameter, H = 4.118, at the time of t = 456 d (corresponding to 15 September) for post-GD. If the gonad maturity parameter reaching H a = 4.2, gonadal development needs 37 more days (t = 493 d, corresponding to 22 October), indicating a delay of 37 days. Therefore, due to the lack of rapids in the 1,175 km length and relevant stimulus of water flow, the GD delays fish gonads an extra 37 days for reaching maturity.
The function of the water flow stimulus is important in the gonadal development. However, its mechanism is unclear. Gonadal maturation of the Chinese sturgeon is quite difficult without hormonal drugs under artificial cultivated conditions because of the lack of water flow. By using hormonal drugs to stimulate gonadal maturation, eggs do not reach their ideal diameter, and spermatozoa motility is low. This is one of the biggest challenges for the artificial propagation in China, and it may be solved with the creation of a flowing-water environment. Dams can bring various hydrological changes such as in water temperature, water level, flow discharge, and substrate. These factors could affect the gonadal development of the adults. Research on the effects of dams should involve endocrinology, reproductive physiology, and other disciplines. The endogenous mechanism requires further studies, in particular, the effect of water flow stimulus on gonadal development. Our model is an attempt to reveal this effect.
Here, we propose three novel concepts of gonadal mature period, spawning window period, and normal spawning period, to reveal effects of the Yangtze dams on the breeding of the Chinese sturgeon, and then we establish an effective breeding model.
Gonadal Mature Period (GMP)
The adult Chinese sturgeon consumes its own fat to stay alive, migrating and breeding in the Yangtze River. Ke [15] pointed out that the adults had fat in their gonads when they reached the Yangtze mouth in the summer, which was called ''fat sturgeon''. During the upriver migration process from the river estuary to the spawning ground, the gonads of adults undergo maturation by consuming gonadal fat and by water flow stimulus. Then gonads (ovary or testis) develop to stage IV2 or further, and gametes in gonads with little or no fat can be used for artificial breeding. Chinese fishermen traditionally called the fish ''fat sturgeon'' or ''water sturgeon'' (little or no fat) based on the fat content. The traditional description indicates that the gonadal fat provides nutrition for its development. That requires the spawners to complete breeding within a limited period, which we call the Gonadal Mature Period (GMP). Otherwise, when gonadal fat is depleted and suitable hydrological conditions do not occur, the gonad will degenerate irreversibly.
For pre-GD, the GMP lasted 60 days from 15 September to 15 November. For post-GD, with a negligible effect of temperature, the beginning of GMP was on 22 October, 37 days delayed. For post-TGD, although the TGD resulted in a seasonal water temperature change (decreased in spring and increased in autumn), but with a small change in annual average [22], we consider that the GMP of post-TGD was same as that of post-GD.
Spawning Window Period (SWP) Pre-GD (prior to 1981).
For the upper spawning ground of the Yangtze River, the spawning behavior always occurred historically at the last flood process in autumn (locally known as the ''autumn water descending''), while the water temperature gradually decreased and the flow velocity and sediment increased, giving a spawning signal to the spawners. According to long-term observations at the three famous spawning sites (Sankuaishi, Pianyanzi and Jinduizi) in the Jinsha River, the ''autumn water descending'' occurred in middle and late September. Until late November, the water temperature in the Jinsha River had decreased below 15 C, which inhibited the spawning. The water temperature determines the upper and lower limits of the spawning window [10], i.e., the Spawning Window Period (SWP). Figure S2C shows the dekad (10-day) water temperature of Pingshan hydrological station from 1951 to 1981. Given the average dekad temperature, the SPW is from mid-September to mid-November. Therefore, for pre-GD, we consider that the SPW was from 15 September to 15 November, for a total of 60 days.
When the gonad of the Chinese sturgeon reaches stage IV2 (H R 4.2), the spawner enters the mating stage and is ready for mating and waits for a trigger signal from the appropriate hydrological conditions. In pre-GD, although suitable hydrological processes occurred randomly, they mostly occurred from early October to early November, which corresponded to the solar terms of Cold Dew and Beginning of Winter in the Chinese traditional lunar calendar. The fastigium of spawning activity was in mid-or late-October, around the solar term of Frost's Descent, and had never been found before September or after November [10] .
Post-GD . With the operation of the GD in 1981, the spawning ground transferred downstream 1,175 km, far from the pre-GD location, and the scale was shortened from the 800-km length of upper spawning covering 19 spawning sites to 30-km of new spawning ground with only one site. Wei [30] collected observational data on water temperatures during the breeding season below the GD from 1982 to 1990 and from 1996 to 2000, as shown in Figure S2D . We have estimated that the upper and lower limits of the spawning window period are approximately in mid-October and late November, respectively, in light of the spawning water temperature range (16.1 C-20.6 C). The daily average water temperatures in Figure S2E and Figure S2F show Therefore, after September 2008, when the Three Gorges Dam was put into normal operation, the upper limit of SPW was from 2 November to 2 December, the exact date depending upon the operation of the cascade reservoirs. Normal Spawning Period (NSP) Gonadal maturity is a prerequisite for breeding activity, and the GD resulted in a shortening of the GMP, which is an endogenous factor. The subsequent dams caused a delay or change in the SWP, which is an exogenous factor. Therefore, both endogenous and exogenous factors have both affected the breeding of the Chinese sturgeon. The gonadal degeneration and the effective breeding population size depend on a combination of endogenous and exogenous factors, i.e., the length of NSP. As shown in Figure S2A , the dams have changed the GMP and SWP, resulting in a discordance in gonadal maturity and spawning conditions, so that the NSP is significantly shorter, causing the gonads of some spawners to degenerate. Effective Breeding Model of the Chinese Sturgeon Chinese sturgeons enter the Yangtze River estuary in a normal distribution over time (Eq. 20). Therefore, the GMP, SWP, and NSP of pre-GD are the same from 15 September to 15 November. The number of adults with the same gonadal maturity parameter (H) over time is as follows:
where N t is the number of adults with the same gonadal maturity parameter at time t (ind/d); N is the population size of the old cohort (= 1,009 ind); t is days starting from September 15 (d); and d 0 is the Gaussian distribution variance. d 0 = 60 d for pre-GD. Therefore, the proportion rate, f, of mature fish with H R 4.2 is expressed as follows:
where t is time (d) starting from September 15 for pre-GD and October 22 for post-GD respectively; and erf is the Gaussian error function. According to Eq. 32, the effective breeding number (N r ) is as follows:
where Dt is the delayed time of the NSP due to the effect of the dams (d); and erfc is the complementary error function. Substituting N = 1,009 ind and d 0 = 60 d into Eq. 34, we can derive the following:
Defining h = N r /N as the effective breeding coefficient, the calculated result of Eq. 35 is elaborated in the formula as follows ( Figure 3D 92 males) . Meanwhile, the actual spawning females evaluated by the egg collection method were 94, 18, and 154, respectively, with an annual average of 89, about 36.5% of the total 244 females. On the other hand, roughly 63.5% females had gonadal degeneration, and did not participate in spawning activities. Male sturgeons are more sensitive to environmental changes, compared to other fish species [48] , so the gonadal degeneration of males was more severe than that of females. The sex ratio between females and males from 1996 to 1998 was 2.65. The proportion of the actual breeding males in the total population was: 36.5%/2.65 = 13.77%. Therefore, the proportions of the actual breeding sturgeons in the total population from 1996 to 1998 was (36.5% + 13.77%)/2 = 25%, which is practically identical to our theoretical result of 24.2%. Wu et al. [24] found that the frequent natural spawning activity downstream of the GD became ''occasional'' and even ''seldom'' with the operation of Three Gorges Dam. According to our EBM, after 2006, the cumulative effect of the cascade dams in the Yangtze further pushed up the water temperature during the breeding season, which then decreased h to 0-4.5%. If the operation of the Three Gorges reservoir postponed the SWP 10 days (corresponding to 2 November), h would be 4.5% of pre-GD. What's more, overlying the effect of the Xiluodu Dam, the SWP was once more delayed 13 days (corresponding to November 15), and the effective breeding population size tended to zero. In other words, all spawners were degenerated. That was the reason why no natural breeding activities were observed in the spawning ground below the GD from 2013 to 2015; natural breeding could not continue after 2013. That indirectly verifies our EBM, which reflects the delay in gonadal development due to the GD and the ''hysteresis effect'' of the Yangtze dams on the SWP. Evidence for the Spawning Time Delay As shown in Figure S2G -2H, in pre-GD, spawning occurred in mid-or late-October, usually with the first spawning in mid-October and the second in late-October. In post-GD, the spawning time was slightly delayed, but the effective breeding population size was greatly reduced. Wu et al. [17] statistically found that the water temperature of the spawning ground in the autumn significantly increased with the operation of the Three Gorges Dam, and the operations of the cascade reservoirs have brought about a spawning time delay of 20 to 30 days, meaning from late-October to late-November. The actually observed delay of spawning time coincides with the effect of the dams on the NSP as shown in Figure 3C .
Ke et al.
[23] discovered that 6 of 12 males and 1 of 10 females caught from 19 October to 2 November developed gonads well in 1984, but 9 males and 6 females caught from 19 to 22 November exhibited totally degenerated gonads in 1985. This indicates that mid-November may be the time limit for effective breeding activity beyond which gonads of spawners will degenerate. Evidence for the Precise Impact of Water Temperature on Spawning Behavior In the autumn of 2016, three research institutions in China investigated the spawning activities of the Chinese sturgeon. Various methods were applied such as hydroacoustic detection, egg-eating fish investigation, underwater video observation, and egg collection at the bottom of the river [24] . When the water temperature dropped to 20 C on the early morning of 24 November, one spawning activity was monitored in a stretch of 300 m downstream of the GD, with the participation of no more than five females (less than 2,000,000 eggs) [24] . The fertilization and hatching rate were very low. These findings verify a deduction of our EBM, which is that after 15 November, even though spawning can occur, the reproduction rate would be very low. Pre-GD, the fecundity of females was high (an average of 640,000 eggs). The spermatozoa motility of males was also high and the sperm lifespan was longer. Liu et al. [50] discovered that fecundity declined significantly after the Gezhouba river closure. The average fecundity of females in 1998 and 2004 was only half of that of 1976. The sperm volume of males was also reduced. Zheng [51] indicated that the sperm motility of males was continuously weakened. The average time of sperm rapid movement was 397 s (100%), 213 s (53.7%), 103 s (26%), and 76 s (19.1%) in the four periods, namely 1973-1976, 1982-1984, 1998-2004, and 2005-2006 , respectively; the corresponding sperm lifespans were 2,624 s (100%), 2,579 s (98%), 923 s (35.2%), and 162 s (6.2%). The decline of sperm quality has greatly reduced the fertilization rate and decreased the number of offspring, indirectly indicating the severity of gonadal degeneration. The decline in reproductive capability will seriously impede the recovery of Chinese sturgeon abundance.
Historical Population Model (HPM)
Derivation Process of HPM The population size of adults before spawning in year t is W t , including the new cohort and the old cohort. The population size (recruitment) of the new cohort in year t is DW t . The population of the old cohort in year t, which is actually the new cohort in year tÀ1, is DW t-1 . Thus, W t is expressed as follows:
The proportion of the new cohort of the total in the Yangtze River in year t, R t , is expressed as:
Substituting Eq. 38 into Eq. 37, W t can be expressed as:
where 
Including fishing loss, W t (before fishing activities) is
Based on Eqs. 40 and 41, once the population size in the first year, W 1 , is known, W t can be estimated based on the series of R t and Y t , as follows:
Using Ricker's method, the standard error W se is estimated as follows [52] :
Therefore, the 95% confidence interval is W t ± 1.96W se .
Estimation of Adult Abundance of the Yangtze in 1981
When the Yangtze River was blocked by the GD on 4 January 1981, the 1979-cohort of the Chinese sturgeon had returned to the sea after their breeding in the autumn of 1980. Only the 1980-cohort was in the Yangtze River, which was distributed around Yichang when the Gezhouba river closure took place ( Figure S1B) . Therefore, the 1980-cohort was separated into two parts by the river closure. Due to the blocking of GD and overfishing in 1981 and 1982, the population size and structure were drastically changed. A ban on commercial fishing was initiated in 1983, except for fishing for captive breeding or scientific investigation. In 1988, the Chinese sturgeon was listed as a Category I State protected animal. Fishing has been completely controlled since then.
As previously mentioned, the abundance of the Chinese sturgeons was relatively stable in pre-GD (Table S1 ). To estimate the abundance in the Yangtze River in 1981, including the new and old cohorts, we have used three methods as follows:
Method I: We assume that the population sizes of 1981 and 1982 are the same. Thus, according to Eqs. 40 and 41, the population size in 1982, W 82 is as follows:
Substituting W 81 = W 82 , R 81 = 0.865, R 82 = 0.875, and Y 81 = 1,002 (Table S3) into Eq. 44, we have: 
where Y 80down represents the catch in the lower reaches of GD in 1980, as shown in Table S1 , Y 80down = 327 ind; W 81 = 1,166 ind; and DW 81 = 1,009 ind. To solve Eq. 50, the proportion of the new cohort in the totals of 1980, R 80 , and the recruitment, DW 80 , needed to be determined. As shown in Table S1 , we consider that W, DW and R from 1972 to 1980 were stable. The average of Eq. 41 is
where W is the average population size in the Yangtze River; R is the average proportion of the new cohort in the total; and Y is the average catch number, Y = 517 ind. If the average recruitment prior to 1980 was the same as the recruitment in 1981, a substitution of DW = RW = DW 81 into Eq. 51 can derive 
Eq. 54 shows that the average annual population size of Chinese sturgeon from 1972 to 1980 was 1,727 ind. The 95% confidence interval was 1,602-1,852. Based on the above results, changes in the population dynamics from 1982 to 1990 can be estimated (Table S3 ). The Gezhouba river closure on 4 January 1981 affected 1,009 individuals of the 1980-cohort, 660 of which were blocked upstream and 349 left downstream of the GD. The barrier coefficient of the GD is thus 65%. Estimation Accuracy and HPM Limitations Based on the ratio of the old and new cohorts in the Yangtze River, we have proposed the HPM to estimate the historical population sizes. The accuracy of our model depends on errors of two parameters, the catch number, F, and the proportion of the new cohort, R. These errors could accumulate over the years. Therefore, our results on the historical population sizes before or around 1981 are relatively reliable, and the population size estimated year after year is greatly affected by the error propagation. As shown in Table S3 , according to our results, the population size of adults reached 2,309 in 1984 but was reduced in later years. In general, the first breeding age of adults is 8 years (males) or 13 years (females). Thus, the recruitments after 1981 would not affect the adult abundance in the Yangtze River until 8 and 13 years later. Due to the ban on commercial fishing in 1983, which has resulted in a reduction of fishing data, plus the effect of error propagation, we consider that our HPM's results before 1984 are reliable, but after 1984 they could greatly deviate due to accumulated errors. Therefore, we need a new population model to depict and predict the trends of population size for the Chinese sturgeon.
Capacity-Gonad-confined Population Model (CGPM) Derivation Process of CGPM Age-structured methods have been often used to study the sturgeon population. Beamesderfer et al. [25] , Bajer and Wildhaber [54], and Wildhaber et al. [55] constructed population models of the Sacramento green sturgeons (Acipenser medirostris) and shovelnose sturgeons (Scaphirhynchus platorynchus) in the Missouri River and pallid sturgeons (Scaphirhynchus albus) in the lower Missouri River, respectively. Those models needed more parameters such as age-specific survival rate, fecundity, and length-age relation. For the Chinese sturgeon, due to its scarce population size and its anadromous characteristics, age-specific survival rates or mortality rates are lacking, and the effects of the dams on those parameters have been unclear. Meanwhile there is little information on the sturgeon in the sea due to technical limitations. Therefore, there has not been a suitable population model for the Chinese sturgeon.
Existing fishing data reveals that the age range of adults in the Yangtze River is from 8 to 27 (males) or 13 to 34 (females) years [10] . As female and male sturgeons have different age-structures and varied sexual maturity ages, we split the age-structures of females and males. The vectors of females and males in year t are:
where F i (t) and M i (t) respectively represent the numbers of females and males at age i in year t; m and n are the maximum spawning ages of females and males, respectively. If neglecting mortality, the population sizes of females and males in adjacent years are:
Chang [27] statistically showed that the age-structures of adults in the Yangtze River obey logarithmic normal distributions. Then we have: 8 > > > > < > > > > :
where pf i and pm i respectively represent the age-structure functions of females and males of i age; a f , b f and am, bm respectively represent the fitting coefficients. Based on a fitting of available data [10, 27]: a f = 3.02, b f = 0.1816; and a m = 2.605, b m = 0.2311. As shown in Figure S3C , the lognormal distribution fitting curves agree well with the fishing data. Adult Chinese sturgeons are distributed in the Yangtze River, East China Sea, and adjacent sea area. They migrate to the Yangtze River only for breeding. Otherwise, they live in the sea. We established a relationship between fish abundance in the Yangtze River and the sea through the adult average reproduction frequency (iteroparity), which is expressed as the number of breeding bouts per individual during its entire life. Then the number of females and males entering the Yangtze in year t can be obtained based on the age-structure functions and the population vectors in the year t, as follows: 
where YF 1 (t) and YM 1 (t) respectively represent the number of females and males entering the Yangtze River in year t; and nf and nm are the average reproduction frequency of female and male respectively. Excluding fishing and natural death, the adult abundance in the Yangtze River in year t, W t , can be obtained by the sum of new and old cohorts in two consecutive years, as follows:
where YF 1 (t) and YM 1 (t) respectively represent the numbers of females and males entering the river in year t; YF 1 (tÀ1) and YM 1 (tÀ1) respectively represent those in year tÀ1.
As shown in Eq. 59, n f and n m are crucial parameters for the relationship between the abundance in the Yangtze River and the total resources in the Yangtze River and sea. We used a simplified method to estimate n f and n m . Deng et al. reported that Chinese sturgeon making their first breeding accounted for 84% of all males and 76% of all females [11, 29] . Then we have n m = 1.19 and n f = 1.28, which indicates that most adult Chinese sturgeons enter the Yangtze River for breeding only once during their entire lives, and a few enter many times. Wei et al. [11] reported that from 1981 through 1993, 384 fish were used for age determination by aging methods including the first pectoral fin ray, the clavicle and cleithrum and that fish engaged in their first breeding accounted for 66.3% of all males and 44.4% of all females, corresponding to n m = 2.25 and n f = 1.52 respectively. We used two sets of average reproduction frequencies from Deng and Wei to calculate the population dynamics in the Yangtze River and obtained similar results. The maximum relative error was 7% in 1990. Here, we set n m = 1.19 and n f = 1.28 as constant parameters in our calculation.
Before 1981, fishing was concentrated mainly in the Sichuan and Hubei reaches. Commercial fishing was banned in 1983, but scientific fishing continued until 2000. Caught sturgeons included both the old and new cohorts. Therefore, k(t) represents the fishing intensity, with the same probability for all sturgeons, as follows:
where Y t is the catch number in year t.
The population size of the old cohort is that of the new cohort of the previous year minus the catch number (no natural death is assumed), as follows:
where YF 2 (t) and YM 2 (t) respectively represent the number of females and males in the old cohort in year t. Therefore, prior to fishing in year t, the population size in the Yangtze River, W t is:
The vectors of the age-structures of females and males in the Yangtze River are: 
where f i (t) and m i (t) respectively represent the number of females and males at age i in the Yangtze River. If fishing (including harvesting, scientific fishing, and bycatch) is the only loss of sturgeons in the Yangtze River, we revise Eqs. 57 and 59 as follows: 8 > > < > > : 
Thus, the adult abundance in the Yangtze River, W t , and total resources amount in the Yangtze River and the sea, TW t , can be calculated as follows 8 > > > > < > > > > :
The annual dynamics in the Yangtze River and/or the sea can be calculated from Eqs. 65 and 66. It should be noted that our model focuses on adults whose natural morality rate in the Yangtze River is very low and thus is ignored in the calculation. Additionally, the population size in year t refers to that prior to fishing activities in that year.
For pre-GD, the population size, sex ratio, breeding behaviors, and fishing had reached a balance and steady-state, resulting in an equilibrium in population structure. There was not much change in environmental carrying capacity and gonadal development under normal conditions. The sex ratio in the spawning ground was around 1:1, which constituted an ideal proportion for a breeding cohort [10] . Here, we introduce the concept of survival recruits, which is defined as the newborns that could survive to sexual maturity and participate in breeding. The sex ratio of newborns is assumed to be 1:1. Without constraints of environment carrying capacity and gonadal degeneration, the number of survival recruits is in direct proportion to the number of spawner couples. Therefore, the number of survival recruits in year t (the number of valid 1-year-old sturgeons in year t+1) is: where b represents the reproductive rate, referring to the number of survival recruits born from each breeding of a couple; S(t) is the number of spawner couples participating in breeding in year t; and r is the proportion of caught unspawned sturgeons. For post-GD, the spawning area and the number of spawning sites were all reduced, plus gonadal degeneration of the spawners occurred. Therefore, the population size of Chinese sturgeons was seriously affected by environmental carrying capacity and gonadal degeneration caused by the dams.
Environmental carrying capacity constraint. The average egg number for each female was 640,000 [10] , and the larval and juvenile mortality rates were high. The loss of larvae eaten by other fish exceeded 85% in the spawning ground [56] . The large size of the Chinese sturgeon requires a large space to spawn and mate. Thus, the space size of the spawning ground limits the quantity of breeding adults. When the population size of spawners in the spawning ground is less than the environmental carrying capacity, the increase in spawner abundance is directly proportional to the number of survival recruits. However, if it is greater than the capacity, the capacity limits the reproductive efficiency of the overloaded spawners, which suppresses the increase of survival recruits. This is a result of environmental carrying capacity limitation.
The logistic equation has generally been used to reflect the environmental carrying capacity of the fish population size. We constructed a modified logistic model to depict the effect of environmental carrying capacity on spawner abundance. The relationship between the number of survival recruits and that of adults participating in breeding is: 
where F e (t) and M e (t) respectively represent the number of females and males of the survival recruits in a limited capacity; N c is the capacity of the upper spawning ground in pre-GD; g is a dimensionless factor reflecting the reproductive efficiency of overloaded adults, and g = 0.2 in this study. When the adult population size is beyond capacity, some spawners will spawn less or stop spawning due to insufficient space, and this results in the quantity of survival recruits increasing slightly. Effective breeding constraint. Based on the Effective Breeding Model (EBM), an effective breeding coefficient (h) is introduced into Eq. 67. We have 
Eqs. 58, 65, and 66 constitute an equation set of adult and total fish abundances in the Yangtze River and sea. Adding Eqs. 68, 69, and 70 results in a Capacity-Gonad-confined Population Model (CGPM). Our CGPM has revealed the mechanism of dam impacts on the population size of the Chinese sturgeon, which is confined by environmental carrying capacity or gonadal degeneration. Steady-state Structure of the Chinese Sturgeon The Chinese sturgeon was an important commercial fish in pre-GD. The harvest was relatively stable in the 1970s, with a 10-year annual average of 517 (Table S1 ). The population size of the adults in the Yangtze River was 1,727 ind as obtained by our HPM. This means that recruitment and fishing had reached a stable balance, and the population size was in a steady-state. Based on our model, we first figured out the steady-state structures of females and males of pre-GD, then calculated and predicted the variations in population size in the Yangtze River and sea.
In 1970-1980 of pre-GD, the vector of the age-structure of the Chinese sturgeon remained invariable [11] and the survival recruits were also stable. The evolution of females and males in a steady-state condition is: 
The calculation from Eq. 71 obtained F 1 = M 1 = 941 ind. The annual population sizes of female and male survival recruits were both 941, resulting in a total of 1,882. A comparison of Figures S3C and S3D shows that the model's steady age-structures are consistent with those from the fishing data. Figure S3E illustrates the age-structures of new and old cohorts in the Yangtze River under steadystate conditions. The calculated sex ratio of females vs. males was 1.06, nearly the same as the historical value of 1.1 [53] . Due to the effect of fishing when the fish are entering the Yangtze River, the population size of the old cohort was lower than that of the new cohort; however, their age-structures were kept same. The proportion of the old cohort in the total was 0.412 (0.588 for the proportion of the new cohort), which is the same as the calculated value (Eq. 53) of HPM.
The above comparisons demonstrate that the CGPM is reliable. Therefore, we can calculate the age-structures of the females and males in the Yangtze River and the sea, as well as the total, as shown in Figure S3F . Notably, our CGPM's results don't include aged adults (males >27 years old and females >34 years old), which cannot breed.
For the production of caviar or captive breeding, fishing of the old cohort in the upper reaches of the Yangtze River often occurred prior to spawning. Therefore, to consider the effect of caught unspawned sturgeons, we set the proportion of caught unspawned sturgeons in the old cohort to r = 90%. Our sensitivity analysis showed that the r value had a tiny effect on the calculated results. Then, we calculated and obtained the effective breeding capability of Chinese sturgeon, i.e., the reproductive rate, b = 7.45, meaning that a couple of breeding spawners produced 7.45 survival recruits. The reproductive rate is negatively related to the mortality rate of the fish. Therefore, reducing the mortality rate of the fish by elimination of fatal factors and artificial breeding can help to improve the population viability.
To assess the effect of GD on spawning ground scale, we introduced the concept of remnant environmental capacity coefficient, l, which is the spawning capacity proportion of the new spawning ground downstream of the GD in the original upper spawning ground. Assuming the environmental carrying capacity of the upper spawning ground N c is equivalent to the steady-state spawning pairs of the old cohort, we have the capacity of the new spawning ground,Ñ c , as follows:
The CGPM's result in Figure S3A illustrates the effect of the capacity coefficient l on the sex ratio of the Chinese sturgeon. With the reduction in environmental carrying capacity, the sex ratio in the Yangtze River increases. Existing fishing data [14] found that the maximum sex ratio was 5.86 in [2003] [2004] . Then, we obtained l = 6.5%. In other words, we estimated that the environmental carrying capacity of the new spawning ground is only 6.5% of the original due to the effect of the GD.
In pre-GD, the upper spawning ground on the Yangtze River spread in an 800-km-long reach between Maoshui and Wanzhou, with a total of 19 spawning sites [10] concentrated between Pingshan and Hejiang. In post-GD, a new spawning ground was observed of 30 km length downstream of the GD (Gezhouba-Gulaobei). Fertilized eggs and newly hatched larvae were found, which indicated that the spawners were able to naturally spawn [45] . However, there were only two spawning sites found, in Xiba and Huyatan, but spawning activities in Huyatan were observed only in 1987, 1989, and 1994 [11] . Thus, the Xiba site was the only standing spawning site. In terms of length, the GD forced the spawning ground to shrink from 800 km to only 30 km (3.75% of the original length). In terms of spawning sites, the dam reduced them from 19 sites to 1 (5.26% of the original number).
The CGPM's result in Figure S3B shows the effect of the barrier coefficient of GD on the proportion of old cohort. we obtained a = 68-80%. Considering a = 63% from the MDM and 65% from the HPM, these similar barrier coefficients from the three models demonstrate their consistency and verify each other. The recommended value is a = 65%. Population Dynamics of the Chinese Sturgeon Using the vectors of age-structures in a steady-state condition as the initial value, we calculated the changes in Chinese sturgeon abundance from 1980 to 2040. The fishing data from 1981 to 1998 were used in the calculation [27] (Table S3) Tao's results were slightly lower than the population sizes in the Yangtze River, but higher than the old cohort. If we deduct sturgeons of the new cohort not arriving at the spawning ground, then our results are basically consistent with Tao's estimation. Chang and Cao [58] reported the numbers of bycatch juveniles in the Yangtze mouth from 1982 to 1996, which implied the spawning population size in the previous year. The number of bycatch juveniles was historically the lowest in 1982-1983; the amounts fluctuated but increased from 1982 to 1989, reached a peak around 1990, and significantly declined after 1993. Our results are consistent with the trends of bycatch juveniles at the Yangtze mouth. Evidence for Sex Ratio, Proportion of Old Cohort, and Average Age of Adults Our CGPM can estimate the sex ratio of adults in the Yangtze River, the proportion of the old cohort, and the annual changes in the average ages of females and males of pre-GD and post-GD. As shown in Figures S3G-S3I , the results are consistent with the trend of the fishing data [14, 27] .
The GD resulted in a sex ratio (female/male) imbalance. As shown in Figure S3G , the sex ratio of females to males increased after 1990 and reached an historical peak in 2003.
